Temporal pattern of left ventricular structural and functional remodeling following reversal of volume overload heart failure. J Appl Physiol 111: 1778 -1788. First published September 1, 2011 doi:10.1152/japplphysiol.00691.2011.-Current surgical management of volume overload-induced heart failure (HF) leads to variable recovery of left ventricular (LV) function despite a return of LV geometry. The mechanisms that prevent restoration of function are unknown but may be related to the timing of intervention and the degree of LV contractile impairment. This study determined whether reduction of aortocaval fistula (ACF)-induced LV volume overload during the compensatory stage of HF results in beneficial LV structural remodeling and restoration of pump function. Rats were subjected to ACF for 4 wk; a subset then received a load-reversal procedure by closing the shunt using a custom-made stent graft approach. Echocardiography or in vivo pressure-volume analysis was used to assess LV morphology and function in sham rats; rats subjected to 4-, 8-, or 15-wk ACF; and rats subjected to 4-wk ACF followed by 4-or 11-wk reversal. Structural and functional changes were correlated to LV collagen content, extracellular matrix (ECM) proteins, and hypertrophic markers. ACF-induced volume overload led to progressive LV chamber dilation and contractile dysfunction. Rats subjected to shortterm reversal (4-wk ACF ϩ 4-wk reversal) exhibited improved chamber dimensions (LV diastolic dimension) and LV compliance that were associated with ECM remodeling and normalization of atrial and brain natriuretic peptides. Load-independent parameters indicated LV systolic (preload recruitable stroke work, Ees) and diastolic dysfunction (tau, arterial elastance). These changes were associated with an altered ␣/␤-myosin heavy chain ratio. However, these changes were normalized to sham levels in long-term reversal rats (4-wk ACF ϩ 11-wk reversal). Acute hemodynamic changes following ACF reversal improve LV geometry, but LV dysfunction persists. Gradual restoration of function was related to normalization of eccentric hypertrophy, LV wall stress, and ECM remodeling. These results suggest that mild to moderate LV systolic dysfunction may be an important indicator of the ability of the myocardium to remodel following the reversal of hemodynamic overload.
therapeutic advances over the past decades have dramatically decreased mortality rates, such that the focus has now shifted towards reducing morbidities (12) . As a result, cardiac remodeling has become a primary therapeutic target in patients with heart failure. Strategies to prevent or reverse adverse left ventricular (LV) remodeling include pharmacotherapy, surgical interventions, and device-based-therapies such as left ventricular assist devices (LVAD) and cardiac resynchronization therapy (CRT). Both LVAD and CRT are associated with LV reverse remodeling with varying degrees of functional recovery (1, 8, 19, 20) . However, the majority of device-based therapies are initiated in advanced HF (NYA Stage III-IV) when hearts may have already transitioned to decompensated failure when functional remodeling is limited (23) . There have been relatively few studies that describe structural and functional remodeling associated with reversal induced at early HF stages (13, 30) . Moreover, since the cellular and molecular phenotypes are likely to be stage specific, it may be difficult to extrapolate these changes resulting from interventions at endstage HF where the remodeling has already occurred.
The progression of LV remodeling has been widely studied in animal models, particularly in response to hemodynamic overload. Volume overload results from increased preload and leads to progressive LV dilation and pump failure. These structural and functional changes are characterized by a disproportionate decrease in the ratio of LV wall thickness to diameter (WT/diameter), contractile dysfunction, and development of congestive HF. Clinically, mitral valve regurgitation (MR) is a leading cause of pure LV volume overload and results from a primary defect in valve integrity or is secondary to dilated cardiomyopathy and end-stage heart disease. Given that hemodynamic overload drives the remodeling process in this disease, surgical intervention to repair/replace the regurgitant valve is the most common therapeutic option to restore normal hemodynamic load and limit LV remodeling and dysfunction. Results from clinical studies suggest that correction of MR leads to restoration of LV geometry with a decrease in end-diastolic chamber dimensions. However, studies regarding restoration of pump function provide conflicting reports, with increased, decreased, or unchanged ejection fraction (EF%) occurring after surgery and could be associated with time of intervention.
We and others (28, 34) have reported that chronic volume overload-induced adverse remodeling in the rat aortocaval fistula (ACF) model involves progressive changes in both LV dysfunction and extracellular matrix (ECM) turnover. Chronic contractile dysfunction in this model is associated with decreased myocardial contractility, altered excitationcontraction coupling, and impaired myocardial relaxation. Conversely, acute LV remodeling after ACF is associated with ECM degradation and an imbalance in the ratio of matrix metalloproteinases (MMP) and their tissue inhibitors (TIMPs; Ref. 28) .
While this ACF model is a biventricular volume overload model used extensively to monitor LV failure, there has been only one attempt (15) to use this model to study LV remodeling following hemodynamic load reduction. In the present study, we used a custom "stent graft" to close the ACF to determine whether reduction of hemodynamic overload reverses HF progression during early compensation. Load reversal significantly improved LV structural remodeling but initially (shortterm reversal, i.e., 4-wk ACF ϩ 4-wk reversal) exacerbated LV dysfunction before eventually restoring it to control levels at a later time point (long-term reversal, i.e., 4-wk ACF ϩ 11-wk reversal). These physiological changes were associated with dynamic ECM regulation and altered expression of hypertrophic markers.
METHODS

Animals.
Male Sprague-Dawley rats (250 -300 g, Harlan) were housed in a temperature-and humidity-controlled room using a 12-h light-dark cycle, standard rat chow, and water ad libitum. All studies conformed to the principles of the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH publication No.85-12, revised 1996). The Institutional Animal Care and Use Committee of Research Institute at Nationwide Children's Hospital approved the protocol.
ACF induction and reversal surgeries. Rats were anesthetized with 2% isoflurane, and cardiac volume overload was induced as described previously (14) . Briefly, a midline abdominal incision was made and the abdominal aorta and inferior vena cava were exposed. Vascular clips were placed above the iliac bifurcation and below the iliolumbar vessels. An 18-g needle was inserted into the aorta and through the common midwall, creating an ACF. The needle was removed, and cyanoacrylate glue (Vetbond) was used to seal the aortic puncture. Shunt patency was visually confirmed by mixture of bright red arterial blood in the vena cava. The abdominal muscle and skin were closed using an absorbable suture and 9-mm surgical staples, respectively. Sham animals were treated identically except no aortic puncture was made. 4 wk following ACF surgery (Fig. 1) , the fistula was closed using a custom stent graft. Rats were anesthetized, the aorta was isolated above the iliolumbar arteries, and a ligature was used to temporarily occlude blood flow at the iliac bifurcation. An 18-g short bevel needle was used as an introducer, and 1-cm long sterile, heparinized PE-190 tubing was inserted into the aorta as a stent graft. Successful stent placement was verified by echocardiography and pulsed wave Doppler velocity of the aorta. Following surgery, animals were administered an analgesic (0.05 mg/kg buprenorphine, every 12 h for 2 days). Complications of reversal surgery included intraoperative hemorrhage (5%) and hindlimb paralysis (10%). Figure 1 depicts the experimental outline with ACF surgery denoted as day 1. Sham and ACF groups were studied at 4, 8, and 15 wk following ACF induction. ACF-reversal groups were studied at 4 and 11 wk postreversal surgery (4-wk ACF ϩ 4-wk reversal and 4-wk ACF ϩ 11-wk reversal, respectively), which corresponds to shortterm and long-term reversal time points in the present study. A pilot study using echocardiography or a high-fidelity pressure-volume (PV) catheter indicated no differences between sham and sham reversal (stent placement) in structural or functional parameters (not shown). Accordingly, sham-reversal groups were not included in this study. A distinct set of animals was used for PV loop/hemodynamic studies and molecular studies. All the animals underwent echocardiography.
Echocardiography. Transthoracic echocardiograms were performed using a Toshiba Xario (12.5-mHz transducer) while the animals were under 1.5% isoflurane. M-mode images were obtained at the level of the papillary muscles to assess chamber dimensions [LV systolic (LVDs) and diastolic dimensions (LVDd)] and posterior wall thickness [systole (PWTs) and diastole (PWTd)]. Systolic function was assessed by percent fractional shortening (%FS) ϭ (LVDd Ϫ LVDs)/LVDd * 100 and eccentric dilation index ϭ (2 * PWTd)/ LVDd. LV wall stress is presented as circumferential end-systolic (cESS) and diastolic stress (cEDS) as described by Reichek et al. (27) .
Measurement of in vivo LV hemodynamics. Anesthetized rats were intubated with a 16-g cannula and ventilated with a pressure-controlled rodent ventilator (CWE-SAR-830) with 98.5% oxygen-1.5% isoflurane at a maximum airway pressure of 12 cmH 2O and a respiratory rate of 60 breaths/min. A 1.9 F PV catheter (FTS-1912B-8018; Scisense) was placed into the right carotid artery and advanced to the aortic valve. After a 5-min equilibration period, aortic pressure was recorded, and the catheter was then advanced into the LV. Following a 10-min equilibration period, the ventilator was paused for 15 s and baseline LV hemodynamic parameters were acquired using 8 -10 consecutive PV loops. Preload was varied by brief occlusion the inferior vena cava. Conductance catheter calibration was achieved using blood from each group in cuvettes of known volume to generate a standard curve. Parallel conductance was subtracted using a hypertonic (15%) saline injection (50 l for sham and 100 l for ACF). Data analysis was performed with iWorx Labscribe-2 acquisition and analysis software. Measures of LV systolic function included: heart rate, stroke volume (SV), LV end-systolic elastance (Ees, slope of the endsystolic PV relation), and preload recruitable stroke work (PRSW). Measures of LV diastolic function included: left ventricular enddiastolic volume, left ventricular end-diastolic pressure, end-diastolic PV relation (EDPVR), tau, and Ϫdp/dt. The volume scaling method of Klotz et al. (18) was used to obtain volume-normalized EDPVR.
To account for inherent nonlinearity of Ees and PRSW at low pressures (6) and for comparison between groups, we used linear regression analysis over a pressure range of 120 mmHg to 60 mmHg. Data were analyzed by analysis of covariance (ANCOVA) to account for changes in the volume-axis intercept (V0); therefore, ANCOVA adjusted marginal means (Ees and PRSW) are presented (6) . The volume at 100 mmHg, V100, were presented to account for a parallel shift in Ees (6) .
Immunoblot analysis. LV free wall tissue (100 mg) lysates were prepared as described (28) . Proteins (50 g) were separated by SDS-PAGE and transferred onto PVDF membranes. Immunoblotting was performed with antibodies against MMP-2, MMP-7, MMP-13, and TIMP-4 (1:1,000; Chemicon); MMP-9 (1:1,000; Abcam); MT1-MMP and TIMP-2 (1:1,000; EMD Chemicals); TIMP-1 (1:400; Chemicon); TIMP-3 (1:200; Santa Cruz); and GAPDH (1:2,000; Abcam). Relative band densities were analyzed using GelEval (v1.22 Frog Dance Software) and were normalized to GAPDH loading controls.
Analysis of myocardial collagen volume fraction. Interstitial collagen was measured by Picrosirius red staining under polarized light as described previously (31) . Then, 20 -35 images/section were obtained from the LV free wall (endocardium and epicardium) and right ventricular (RV) free wall at low power (ϫ40). Collagen volume fraction was quantified using Olympus MicroSuite 5 software.
Quantitative real-time PCR analysis. RNA was isolated from LV and RV tissue (50 mg) using a commercially available kits and protocols (Qiagen RNeasy microarray tissue mini kit). RNA was reverse transcribed using the RevertAid first strand cDNA synthesis kit and protocol (Fermentas). First strand equivalent to 100 ng input RNA (LV) or 50 ng input RNA (RV) was amplified in duplicate for each animal using appropriate Roche universal probe/primer pairs for each target gene: collagen-1a1(Col1a1), collagen-3a1(Col3a1), elastin, ␣-myosin heavy chain (␣-MHC), ␤-MHC, atrial natriuretic peptide (ANP), B-type natriuretic peptide (BNP), and transforming growth factor (TGF-␤; see Table 1 for primer sequences) and Maxima Probe quantitative real-time PCR master mix (Fermentas). Amplifications were carried out for 40 cycles using an Eppendorf Master- Cycler-ep Realplex thermocycler. Parallel amplifications using nonreverse transcribed samples were performed to rule out genomic DNA contamination. Data were analyzed for relative expression using the 2 Ϫ⌬⌬Ct method, with ribosomal protein Rpl13a serving as the internal control and the average sham value at each time point serving as a second normalizer.
Statistics. Data are expressed as means Ϯ SE. Statistical analyses were performed using GraphPad Prism V5.0 Software. One-way ANOVA followed by Bonferroni's post hoc test were used to measure differences between groups. Quantitative real-time PCR data were analyzed using nonparametric one-way ANOVA followed by Dunn's post hoc test. ANCOVA of Ees and PRSW variables was performed using a pair-wise comparison and a Bonferroni post hoc test (SPSSv.18.0; SPSS, Chicago, IL).
The expression of mRNAs involved in structural and functional remodeling of the heart at short-term reversal time point were subjected to Pearson's correlation analysis using Graphpad Prism software to identify associations between gene transcripts and LV structural and functional parameters (LVDd or %FS). In all cases, P Ͻ 0.05 was considered statistically significant. 
RESULTS
ACF reversal reduces LV eccentric dilation. ACF-induced volume overload caused progressive increases in LVDd and
LVDs ( Fig. 2A) , resulting in eccentric dilation (Fig. 2B) . These changes were detected at 4 wk and persisted throughout the 15-wk time course. However, during short-term reversal (4-wk ACF ϩ 4-wk reversal), LV chamber size returned to sham values due to a decrease in LVDd without changes in wall thickness (Fig. 2B ). This pattern of remodeling remained throughout the time course of the study.
ACF reversal attenuates interstitial fibrosis. We next determined whether ECM changes were associated with LV remodeling following ACF reversal. In ACF rats, total LV collagen content was significantly decreased at 4-and 8-wk ACF compared with sham but was not different from sham at 15 wk (Fig. 3A) . A similar pattern was observed in the RV free wall with no differences between the epicardial and endocardial layers (data not shown). There was no change in total collagen content in the short-term reversal or long-term (4-wk ACF ϩ 11-wk reversal) reversal groups compared with ACF. ACF increased gene expression of Col1a1, Col3a1, and elastin at 4 and 15 wk that was blunted at the long-term reversal stage (Fig. 3B) .
To gain further insight in ECM changes, we measured protein expression of MMPs (Fig. 4A) and TIMPs (Fig. 4B) .
The MMPs and TIMPs were chosen based on their relative contributions to ECM remodeling in volume overload hypertrophy. We were specifically interested in MMPs that have broad relevance such as the gelatinases (MMP2/9) and collagenases (MT1-MMP and MMP13). We chose TIMPs that are commonly associated with ECM remodeling and those that have broad specificity for MMPs. The collagenase MMP-13 and plasma membrane bound MT1-MMP were increased following 8-wk ACF but returned towards sham values at the short-term reversal time point. In contrast, elevated matrilysin MMP-7 levels following 8-wk ACF remained increased in short-term reversal rats. Neither MMP-9 nor TIMP-2 levels were increased by ACF at this time point but were decreased below sham levels by volume overload reversal. There were no significant changes in MMP-2 (P ϭ 0.26; data not shown) or TIMP-1, -3, and -4 among groups.
ACF reversal normalizes hypertrophy induced by volume overload. As reported (28) , mechanical stretch can activate signaling cascades that lead to LV hypertrophy. At 8 and 15 wk, ACF increased LV weight and the LV weight-to-body weight ratio, these increases were normalized at both shortterm and long-term reversal groups (Table 2) . Gene expression for markers of LV hypertrophy, ANP and BNP, were increased by ACF throughout the time course of the study: 4 (P ϭ 0.053), 8, and 15 wk (Fig. 5A) . ACF reversal normalized ANP expres- sion in both short-term and long-term reversal groups; however, BNP gene expression remained elevated in long-term reversal group (Fig. 5A) .
Reexpression of fetal ␤-MHC and an altered ␣/␤-MHC ratio in the LV of ACF rats are markers for phenotypic reprogramming resulting in LV hypertrophy. Our data clearly show that the decreased ␣/␤-MHC ratio induced by ACF at 8 and 15 wk was restored by volume overload reversal (Fig. 5) , suggesting that fetal gene reexpression was attenuated by load reduction.
LV systolic function remains compromised at 4 wk post-ACF reversal. %FS, a load-dependent parameter of contractility measured by echocardiography, was significantly decreased in ACF compared with sham and was not improved by ACF reversal at the short-term reversal time point (Fig. 6B) . We next used PV analysis to study load-independent parameters to more thoroughly characterize in vivo LV function (Fig. 6 ). As expected, SV was significantly increased in ACF compared with sham (Fig. 6B) , and the reduction in preload by ACF reversal resulted in decreased SV but did not improve %FS (Fig. 6B) . Compared with sham, ACF had decreased contractility (Ees adjusted), indicated by a rightward shift of the line that defines Ees and an increased V100 and V0 (Fig. 6B) . However, short-term reversal rats showed no improvement in LV contractility; however, there was a decrease in the slope of the line that defines Ees, with a corresponding increase in V100 but no change in V0. Although there were no differences in PRSW (adjusted) between sham and 8-wk ACF, short-term reversal caused a decrease in PRSW (adjusted) compared with sham. Unadjusted means for PRSW, Ees and V0 are presented in Table  3 for reference. Finally, short-term reversal increased mean arterial pressure (Fig. 6B ) and effective arterial elastance (Ea; Table 3 ) compared with ACF, resulting in increased cESS (Fig. 6B) .
LV diastolic function remains compromised at 4 wk postreversal. ACF significantly increased cEDS at 8 wk; however, no changes were observed in dp/dt min or tau (Weiss; Fig. 7A ), suggesting increased LV compliance with no changes in the rate of relaxation. This was confirmed by a downward shift in EDPVR (Fig. 7B) . However, at the short-term reversal time point, EDP, tau, and cEDS were increased compared with sham and ACF groups, with a trend towards decreased dp/dt min that did not reach significance. Additionally, short-term reversal resulted in an upward shift in EDPVR compared with sham values.
LV function is improved at 11 wk postreversal. Fifteen weeks of ACF exacerbated contractile dysfunction as indicated by a progressive decrease in %FS (Fig. 6B) , a dramatic decrease in Ees (adjusted) and PRSW (adjusted), and an increase in V100 (Fig. 6B ). 11 wk of reversal restored %FS, Ees (adjusted), V100, PRSW (adjusted), and cESS to sham levels. Furthermore, longterm reversal improved diastolic function, indicated by a normalization of EDP, tau, and cEDS to sham levels.
Gene transcripts for LV remodeling correlate with LV structure but not function. Because structural but not functional improvements are seen in the short-term reversal rats, we tested different gene markers of LV remodeling/hypertrophy for correlation with both structural (LVDd) and functional (%FS) physiological parameters. The gene transcripts for Col3a1, ANP, and BNP positively correlated with, and the ␣/␤-MHC ratio negatively correlated with LVDd (Fig. 8) , but not %FS (data not shown). This suggests that the return of structure with hemodynamic load reduction is associated with changes in gene expression that regulate cardiac remodeling. In addition, no correlations were seen between indexes of structural remodeling and functional parameters.
DISCUSSION
This study provides the first comprehensive in vivo functional assessment of LV structural and functional remodeling during HF progression in the rat ACF-induced volume overload model. The "stent graft" approach to close the ACF allowed us to monitor structural and functional changes due to load reduction at key time points by in vivo analysis. Finally, we related these changes to alterations in ECM homeostasis and markers of LV hypertrophy. We chose the 4-wk time point in the rat ACF model to close the fistula as our previous studies (28) indicate that this represents the compensatory stage of HF progression that is characterized by significant LV eccentric dilation with moderately impaired pump function ( Figs. 2A and   6A ). The results of the present study demonstrate that the reverse cardiac remodeling process following load reduction is associated with improved LV chamber geometry and a gradual restoration of pump function. ACF reversal is initially characterized by LV structural remodeling that precedes improved function. Upon volume overload reversal, a new hemodynamic state is established characterized by a normalization of preload and increased afterload. We observed decreased LVDd and decreased compliance in short-term reversal rats compared with 8-wk ACF rats. Since decreased LVDd was not accompanied by a change in wall thickness, ACF reversal normalized diastolic chamber dimensions to sham values. We also observed a restoration of LV wall stiffness depicted by an upward shift in the slope of EDPVR (Fig. 7B) , reflecting changes in the passive mechanical properties of the myocardial wall. The changes in systolic chamber dimensions were more complex. LVDs was partially (although not significantly) affected by reversal with a value between that of sham and ACF. This is likely attributed to the observed decreases in systolic pump function and increased afterload (Ea ; Table 3 ), as reflected in increased cESS.
A compensatory decrease in LV stiffness in an attempt to normalize increased wall stress and eccentric hypertrophy are hallmarks of the compensatory phase of volume overload HF progression (5, 25) . Collagen and titin (33) are the primary determinants of myocardial passive stiffness; however, we found no changes in titin isoform expression amongst groups (K. R. Hutchinson and M. Greaser, unpublished observations). Conversely, ACF resulted in progressive changes in collagen content with net degradation at early time points that correspond with eccentric LV dilation (see Ref. 16 for a recent review). Since we observed a significant increase in LV stiffness (upward shift in the EDPVR) at the short-term reversal time point primarily due to an increase in EDP, we hypothesized that ACF reversal would increase collagen content, especially in the presence of increased afterload. Interestingly, there were no changes in collagen volume fraction between 8-wk ACF and short-term reversal groups even though the ACF-induced Col1a1 and Col3a1 mRNA levels were normalized by ACF reversal. In addition, there were actually no statistical differences in cumulative data among groups in the collagen volume percent at the 15-wk time point. We and others (10, 28) suggest that this stage is characterized by profound chamber dilation and increased ECM turnover with net matrix deposition, perhaps in an attempt to compensate for the increase in compliance. We also observed significant decreases in MT1-MMP, MMP-9, and MMP-13 protein levels in the short-term reversal group compared with ACF indicating decreased ECM degradation. The decreases in MT1-MMP, MMP-9, MMP-13, and TIMP-2 in short-term reversal rats to levels below that of shams were not expected and suggest that reversal leads to a distinct pattern of ECM homeostasis. We propose that these proteins play pivotal and distinct regulatory roles following reversal. Taken together, these data suggest that dynamic changes in the composition of the ECM, as well as remodeling of the existing matrix by changes in MMPs and TIMPs, resulted in a viscoelastic ECM that rendered the overall LV less compliant in short-term reversal rats. It is also important to note that this time point in volume overload progression represents a composite "snapshot" of the ECM that reflects both causative and compensatory changes in matrix regulatory proteins. Future studies of LV proteomics will allow us to more fully define how LV molecular changes contribute to the unique hemodynamic state established by load reduction.
Several molecular markers showed significant correlations with LV dilation. Col3a1, the more compliant collagen isoform, expression positively correlated with LVDd, suggesting that an increase may be permissive for LV dilation. As expected there was also a positive correlation between ANP/BNP levels and LVDd, which is due to hemodynamic load-induced mechanical stretch. Conversely, there was a negative correlation between the ␣/␤-MHC ratio and LVDd. Taken together, these data are consistent with induction of a fetal hypertrophic phenotype in response to excessive hemodynamic overload. It is also interesting to note that all gene markers of LV remodeling in ACF reversal were clustered towards sham, suggesting that volume overload reversal normalized ACF-induced LV remodeling.
ACF reversal leads to early systolic and diastolic dysfunction. ACF resulted in the expected increase in SV, due to increased preload, however, decreased the %FS. Short-term reversal did not improve %FS compared with ACF nor did it result in an increase in load-independent parameters (Ees and PRSW) of LV function. The observation that Ees is decreased and V0 shifted to the left supports our argument that ACF reversal creates a new hemodynamic state in which both preload and contractility are reduced. A lack of functional improvement following reversal, at first glance, may be a negative consequence of corrective surgery; however, the shift in hemodynamic state (changes in Ees dynamics) may actually be beneficial to a heart that is undergoing active repair.
These changes at short-term reversal were associated with increased cEDS, which is consistent with reported increased cEDS and reduced systolic function following mitral repair in canine hearts (36) , adults (3, 26) , and children with congenital MR (22) . The underlying mechanisms responsible for decreased systolic performance are unclear and may be attributed to changes in gene and protein expression, force generation, or Table 3 . In vivo indexes of LV hemodynamics electromechanical coupling. However, there was no correlation between any of the molecular markers of LV remodeling/ hypertrophy with indexes of LV function (%FS; data not shown), suggesting that the normalization of structure does not correlate with functional recovery.
Long-term reversal restores LV function. Development of decompensated HF occurred during 8-and 15-wk ACF, signified by progressive LV systolic and diastolic dysfunction and exacerbated LV eccentric dilation. At this time point, the values for the extrapolated V0 were negative, likely due to the inherent curvilinearity of the end-systolic PV relationship in vivo as originally described by Kass et al. (17) . Long-term reversal restored load-dependent and -independent function to sham levels, indicated by improvements in %FS, end-systolic PV relationship, PRSW, and tau. These functional changes were associated with a reduction in wall stress, normalization of collagen and elastin gene expression, and restoration of the ␣/␤-MHC ratio.
Similar patterns of LV structural and functional remodeling are observed following replacement of regurgitant mitral valves in dogs (29) and humans (2, 7, 11) , even though MR is a model of pure LV volume overload. Moreover, gradual restoration of pump function has been observed clinically in asymptomatic patients with mild to moderate MR and LV systolic dysfunction before intervention (32) .
The gene expression profiles of hypertrophic markers at the long-term reversal stage were similar to those observed at the short-term reversal time point. However, the persistent increase in BNP expression level in the long-term reversal group was unexpected and did not correlate with any structural indexes. There are several potential explanations for this observation. BNP may be a more sensitive marker for pressure overload than for volume overload (9) , and its expression is regulated by adrenergic stimulation, endothelin-1 (24) , and hypoxia (35) . A recent study (21) raised the intriguing possibility that increased BNP was associated with improved LV function following infarction or angiotensin II-induced hypertension through distinct molecular mechanisms, which is consistent with our finding that long-term reversal improves LV function. Finally, it is possible that LV BNP mRNA expression does not necessarily correlate with increased BNP protein levels. Future studies are warranted to distinguish between these possibilities.
Differential effects of ACF-induced cardiac remodeling on left vs. right ventricles. Previous studies using this volume overload model have not compared ECM regulation between LV and RV. Therefore, we performed additional PCR-based analyses of mRNA expression for Col1a1, Col3a1, elastin, ANP, BNP, and TGF-␤ in the RV (data not shown). Interestingly, we noted differences in basal expression of several mRNAs encoding ECM regulatory proteins. For example, although Col3a1 expression was equivalent between ventricles, Col1a1 mRNA expression was 10-fold lower in the RV vs. the LV and elastin was 6-fold lower. Overall, this pattern is consistent with a more compliant RV ECM (i.e., decreased Col1a1/Col3a1 ratio). ACF and reversal caused the same relative changes compared with sham in the LV and RV with one notable exception. The RV responded to chronic ACF (i.e., 8 -15 wk) with a 40-to 55-fold induction of ANP and BNP compared with a 5-to 12-fold induction in the LV at the same time points. Since ANP expression is induced by mechanical stretch, these differences may suggest that the thinner walled, more compliant RV is more sensitive to hemodynamic load compared with the LV. We also did not observe any differences in the autophagy markers light chain-3 (LC3A/B-I/II) and beclin-1 between LV and RV at any of the time points in the present study (data not shown).
We cannot, however, rule out the possibility that RV overload in the rat ACF model creates a distinct hemodynamic influence on LV function that is not observed clinically in MR. Finally, although there have been numerous studies describing molecular and morphological changes in the myocardium following LVAD placement and mechanical unloading, the majority of these studies were performed on tissues collected from adult patients with end-stage HF in which LVADs were placed as a bridge to transplant (4). Secondly, LVADs can cause LV hemodynamic unloading to below physiological levels, which may result in pathophysiological rather than physiological remodeling.
In conclusion, hemodynamic unloading by volume overload reversal at early stage HF leads to reverse LV remodeling followed by a restoration of LV systolic and diastolic function. These improvements were associated with changes in ECM remodeling and markers of LV hypertrophy.
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